Using 17 chemical elements as a proxy for stellar DNA, we present a full phylogenetic study of stars in the solar neighbourhood. This entails applying a clustering technique that is widely used in molecular biology to construct an evolutionary tree from which three branches emerge. These are interpreted as stellar populations which separate in age and kinematics and can be thus attributed to the thin disk, the thick disk, and an intermediate population of probable distinct origin. We further find six lone stars of intermediate age that could not be assigned to any population with enough statistical significance. Combining the ages of the stars with their position on the tree, we are able to quantify the mean rate of chemical enrichment of each of the populations, and thus show in a purely empirical way that the star formation rate in the thick disk is much higher than in the thin disk. We are also able to estimate the relative contribution of dynamical processes such as radial migration and disk heating to the distribution of chemical elements in the solar neighbourhood. Our method offers an alternative approach to chemical tagging methods with the advantage of visualising the behaviour of chemical elements in evolutionary trees. This offers a new way to search for 'common ancestors' that can reveal the origin of solar neighbourhood stars.
INTRODUCTION
In 1859, Charles Darwin published his revolutionary view of life, claiming that all organic beings that have ever lived have descended from one primordial form (Darwin 1859) . One important outcome of Darwin's view of 'descent with modification' was the recognition that there is a 'tree of life' or phylogeny that connects all forms of life. The key assumption in applying a phylogenetic approach is that there is continuity from one generation to the next, with change occurring from ancestral to descendant forms. Therefore where two biological units share the same characteristics they do so because they have normally inherited it from a common ancestor.
This assumption is also applicable to stars in galaxies, even if the mechanisms of descent are very different. We know that population I, II and III stars emerged from a gas cloud whose primordial composition has evolved with time -in other words, population I stars were made from matter present in population II stars, and population II stars from matter in population III stars. Broadly speak-⋆ E-mail: pjofre@ast.cam.ac.uk ing, the most massive stars explode in supernovae (SNe) donating metal-enriched gas to the interstellar medium (ISM), which eventually accumulates to form new molecular clouds and produce a new generation of stars. This cycle has been repeating ever since. Less massive stars (M < 0.8M ⊙ ) live longer than the age of the Universe and therefore serve as fossil records of the composition of the gas at the time they formed. Two stars with the same chemical compositions are therefore likely to have been born in the same molecular cloud. This process of 'descent' mirrors that of biological descent, even though biological evolution is driven by adaptation and survival, while chemical evolution is driven by mechanisms that lead to the death and birth of stars. In other words, here the shared environment is the ISM, which may be the key aspect studying evolution, rather than shared organism heredity key in biology. This raises the question of whether biologically-derived techniques for reconstructing phylogeny can be applied to galaxy evolution.
Phylogenetic techniques have existed as long as evolutionary biology, but the strength of phylogenies based on DNA rather than phenotypes (aspects of morphology or biological structures, such as skulls), is that the mechanisms of change can be quanti-fied, and so rates of change in DNA can be estimated independently (Lemey 2009 ). In astrophysics the chemical pattern obtained from spectral analysis of FGK type stars can be interpreted as stellar DNA, as it remains intact for the majority of their lives (Freeman & Bland-Hawthorn 2002) . The mechanisms for change in chemical abundances can also be identified. There is enrichment of the ISM, which is relatively well understood due to advances in nucleosynthesis and SNe yield calculations (McWilliam & Rauch 2004; Matteucci 2012; Kobayashi & Nakasato 2011) . Differences in chemical abundances of stars can also be the result of environmental processes bringing gas and stars from extragalactic systems and dynamical processes. Dynamical processes are a result of perturbations from nearby non-axisymmetric features such as the bar, spiral arms, molecular clouds, or merger activity. This can lead to radial migration, which is a change in the angular momentum that conserves the orbit's eccentricity or heating, which is a change in the eccentricity that conserves the angular momentum (Sellwood & Binney 2002; Minchev & Famaey 2010) . Therefore abundance gradients produced from radial gas flows can result in metal-richer stars born in the inner Galaxy and metal-poorer stars born in the outer Galaxy being brought into the solar neighbourhood. Fossils of the same chemical enrichment history born at different epochs should show a direct correlation between chemical difference and age, and therefore knowledge of stellar ages can help quantify the balance between the two possibilities. Kinematic information can then further help distinguish between origins of stars arising from different chemical enrichment histories.
Clustering algorithm leading to trees have already been developed in astrophysics with a method called astrocladistics (Fraix-Burnet, Choler & Douzery 2006; Fraix-Burnet, Davoust & Charbonnel 2009; Fraix-Burnet & Davoust 2015) . In one application they relate the morphology of dwarf galaxies of the Local Group (Fraix-Burnet, Choler & Douzery 2006) , finding three groups emerging from one common ancestor. The second application was to study stellar populations in ω-centauri (Fraix-Burnet & Davoust 2015) finding three populations with distinct chemical, spatial, and kinematical properties that they believe originate from gas clouds of different origins.
While these works have shown the advantages of using clustering algorithms that are also employed in biology in astrophysics, they have not explored in full the power of using trees. A tree can give us an extra dimension to the clustering algorithm: history. As shown and discussed in the papers mentioned above, astrocladistics essentially attempts to represent the pattern of morphological similarity in e.g. dwarf galaxies. Phylogenetics, on the other hand, tries to represent the branching pattern of evolution (see for instance Ridley 1986 , for further discussion). A full phylogenetic analysis essentially consists in weighting shared characteristics according to the depth of the shared ancestry. Thus, there is a subtle but very important difference between the work of astrocladistics and the goal of this paper. This is also the subtle difference between any other chemical tagging work and the goal of this paper
Here we perform a full phylogenetic study of a sample of solar neighbourhood stars, in other words, here we attempt to study the evolution of the solar neighbourhood by using a sample of stars and tree thinking. We aim to obtain an insight into the chemical enrichment history of stars in different components in the Milky Way, using chemical abundance ratios as stellar DNA. To this end we need to employ a different method to the work of Fraix-Burnet & Davoust (2015) to construct the tree. Here we use genetic distance methods (see Sect. 3) and not the maximum parsimony method. Maximum parsimony methods are designed to do cladistics, i.e, to determine the branching sequence and classify families of organisms. Distances methods, on the other hand, enable a full phylogenetic study to be conducted by analysing the branch lengths in the tree in detail. This allows us to understand how chemical enrichment history varies between the identified stellar populations. Our application therefore offers a complementary approach to astrocladistics as it allows us to go beyond a pure phenomenological classification and study evolutionary processes.
DATA
We demonstrate the phylogenetic approach on a sample of solar twins, for which accurate abundance ratios for several elements have been derived by Nissen (2015 Nissen ( , 2016 . The sample is selected from FGK stars with precise effective temperatures, surface gravities and metallicities derived from spectra measured with the High Accuracy Radial velocity Planet Searcher (HARPS). This is a highresolution (R ∼ 115000) echelle spectrograph at the European Space Observatory (ESO) La Silla 3.6m telescope. The sample was selected to have parameters within ±100 K in T eff , ±0.15 dex in log g, and ±0.10 dex in [Fe/H] of those known for the Sun. The sample is comprised of 22 stars: 21 solar twins and the Sun. Abundances are available for C, O, Na, Mg, Al, Si, S, Ca, Sc, Ti, Cr, Mn, Cu, Fe, Ni, Zn, Y and Ba, with typical measurement errors of the order of 0.01 dex. We consider the abundances in the [X/Fe] notation and thus, the Sun is assumed to have [X/Fe] = 0.
There are several advantages to using such a sample. It decreases the systematic uncertainties associated with determining abundances for stars of different stellar spectral types. Furthermore, the stellar parameters and chemical abundance measurements for solar twins were done differentially with respect to the Sun. Differential analyses are well-known to significantly increase the accuracy of results with respect to direct absolute abundance measurements (see e.g. Meléndez, Dodds-Eden & Robles 2006; Datson, Flynn & Portinari 2014; Jofré et al. 2015a; Spina et al. 2016) . A related advantage, pointed out by Nissen (2015) and later extensively discussed by Spina et al. (2016) is that the wellconstrained stellar parameters allow accurate ages (with errors 0.8 Gyr) to be determined from isochrones as they only span a restricted area in the HR diagram. This enables us to consider stellar ages in our interpretation (Sect. 3.2).
We also note that choosing a particular spectral type introduces a selection bias, which has to be taken into account when interpreting our evolutionary tree. For example, using solar metallicities will bias the sample towards thin-disk stars rather than thickdisk and halo stars. Therefore in this study we can not perform a quantitative analysis of the number of stars in different populations. This sample is still suited for our analysis since this small slice in metallicity still hosts a range of abundances and ages (0.7 to 9.8 Gyr), as discussed by Nissen (2015) .
Finally, the abundances of the stars are supplemented with very accurate radial velocities derived from the cross-calibration procedure of the HARPS pipeline, which were downloaded from the ESO public archive 1 , as well as accurate astrometry from Hipparcos. The astrometric data are shown along with the radial velocities in Table A1 . A further comparison of these data with the new astrometric data from Gaia DR1 can be found in appendix A. We note these data are not used in the construction of the tree but will aid the interpretation of components that emerge in our evolutionary tree.
METHOD
Here we discuss the steps involved in constructing the phylogenetic tree using the chemical abundance ratios, acquiring ages, and deriving dynamical properties of the stars.
Tree construction
Numerous tree-making methods have been proposed and discussed in the literature (see e.g. Sneath 1973; Felsenstein 1982 Felsenstein , 1988 Lemey 2009; Yang & Rannala 2012) . In particular, geneticdistance methods are the appropriate ones for biological evolutionary studies, as the genetic difference between two organisms is directly related to the degree of evolution between them. The construction of a robust evolutionary tree in biology involves four main steps: (1) Define the set of categories and the characters or traits that will be employed to determine shared ancestry and divergence; (2) construct a measure of the genetic distance between each pair of organisms to find the relation between them; (3) calibrate branch lengths to reflect the evolution of the system with time; and (4) assess the reliability of the tree topology. Each of these steps is explained below in more detail with relation to the application in our case. We recall that the array of abundance ratios is our stellar DNA sequence and therefore genetic distances will be hereafter called chemical distances.
Categories
These are commonly referred to in evolutionary studies as Operational Taxonomical Units (OTUs), or simply taxa. They can be either organisms of a given species, different species, or groups of species. OTUs are those at the end nodes (leaves) of the tree, i.e. they are the 'observables'. Similarly, internal nodes in the tree are called Hypothetical Taxonomic Units (HTUs) to emphasise that they are the hypothetical progenitors of OTUs. Defining the set of taxa is important as this will shape the evolutionary analysis inferred from the tree. In astrophysics, OTUs can be individual stars, group of stars or dwarf galaxies as in the case of Fraix-Burnet, Choler & Douzery (2006) . In this work we have 22 taxa, each representing one star of the sample described in Sect. 2.
Chemical distance matrix
We define the chemical distance between the star i and star j as follows: 
Calculating branch lengths
Several methods exist in the literature for calculating the branch lengths for the tree from the distance matrix. In biological evolution studies, the larger the genetic distance, the more evolution in general that separates two taxa and thus the larger the branch length. In the past, this evolutionary separation has been translated to time under the assumption of a 'universal clock', i.e. the systems modify their characteristics at a constant rate. Recent studies have shown however that there is no universal clock, i.e. the rate of modification depends on location and taxa (see Lemey 2009 , for an extensive discussion). Therefore, the translation from genetic distance to time can only be directly done in very specific cases. In Galactic chemical evolution, chemical elements become more abundant from one generation to another, but they may do so at different rates in different Galactic components. Stars brought in from different radii due to radial migration or disk heating may also have followed different chemical enrichment histories. As with several cases in biology, we therefore need a method which allows the different branches to have different lengths, accounting for different enrichment rates. In order to construct such a tree, we use the concept of minimum evolution, which is based on the assumption that the tree with the smallest sum of branch lengths is most likely to be the true one. Rzhetsky & Nei (1993) prove this tree has the highest expectation value, as long as the distance matrix used is statistically unbiased. As there are many possible trees that could be explored (see Sect. 3.1.4), we estimate the minimum-evolution tree using the widely-used neighbour-joining method (NJ, Saitou & Nei 1987; Studier & Keppler 1988 ), which we explain below with regards to our application.
Consider five stars, A, B, C, D and E, which have the following chemical distance matrix with some arbitrary chemical abundance ratio units 
where D i, j are the elements of the chemical distance matrix defined in Equation 1, n * is the number of stars, and the divergence rates are calculated as
The divergence rate is essentially the 'mean' chemical distance between each of the two stars and the other stars. We note that the denominator is n * −2 rather than n * −1 since we are considering (n * −1) stars for the star j. In our example, r 2 would be the divergence rate for star B, with a value (5.3 + 0.0 + 7.3 + 10.3 + 9.2)/3 = 10.8.
A new node, ij, is defined for the two stars for which D r i, j is minimal, i.e. the chemical distance between them is small compared to how much those stars vary with every other star. The branch lengths from the new node ij to its 'children' i and j are calculated as
and similarly for D i j, j . The total branch length between i and j is still just their chemical distance D i, j . Now a new distance matrix is constructed with the new node ij in place of i and j. This new distance matrix contains (n * − 1) × (n * − 1) elements. The chemical distances to the new node are calculated as
If the element of the new matrix for which the rate-corrected chemical distance is smallest is between the new ij node and another star, say C, a new node is created that branches into the ij node and C. Otherwise the new node is created at the end of a new branch. The whole process is repeated until the tree topology is fully resolved. We only have dichotomies. The advantage of this method is that it is very fast, which is crucial when dealing with a large sample of taxa and when assessing the statistical significance of the tree (Sect. 3.1.4). Furthermore, this is a widely-used method in biology, and therefore many implementations exist as packages. We use the NJ method implemented in the software MEGA v7.0 2 (Kumar, Stecher & Tamura 2016) . This software, unlike many other codes, is able to construct trees from pre-defined distance matrices, rather than the original DNA sequences. Furthermore, MEGA can be easily called from Python which is important for studying the robustness of the tree.
Assessing robustness
Inferring an evolutionary tree is an estimation procedure, in which a 'best estimate' of the evolutionary history is made on the basis of incomplete information. In the context of molecular phylogenetics, a major challenge is that many different trees can be produced from a set of observables. With 20 taxa for example, there are close to 10 22 trees of the type we have constructed (Dan & Li 2000) . With current spectroscopic surveys of Milky Way stars, we can have millions of stars with detailed chemical abundances, producing an enormous number of tree possibilities. Here we only use 22 solar twins, but this still implies a huge number of possible trees.
2 http://www.megasoftware.net/home Of course, many of these have very low probability and therefore it is very important to develop a statistical approach to infer the most probable trees among this huge sample. Even if we use the NJ method to help estimate the most likely tree, measurement errors in the abundance ratios and systematic errors in our choice of elements to represent the chemical sequence will distort the likelihood distribution. It is therefore crucial before interpreting the tree and reconstructing the evolutionary history of our sample of stars to ensure that our final tree is robust by means of statistical techniques (see e.g. Felsenstein 1988 , for a discussion).
Here, our robust tree was obtained by combining a Monte Carlo method that explores measurement error with a bootstrapping procedure that explores alternative definitions of the chemical sequence:
(i) Monte Carlo simulations: This is a widely-used method for propagating uncertainties in measured quantities. The measurement errors in the abundance ratios are of the order of 0.01 dex. Using those listed in Table 4 of Nissen (2015) and Table 2 of Nissen (2016), we generate new data matrices by drawing from Gaussian distributions with means equal to the abundance ratios in the old data matrix and dispersions equal to the measured errors. In doing this we assume the errors in [Fe/H] are very small and therefore essentially independent.
(ii) Bootstrapping/jackknifing: This is commonly employed in evolutionary studies, where random characters in the DNA sequence are removed from the data matrix. As our chemical sequences are significantly shorter than DNA sequences -17 abundance ratios in comparison to millions of genes -we instead create alternative chemical sequences in which the length of the chemical sequence is kept constant at 17 using the new data matrix generated by the Monte Carlo method. These are created by generating a random sequence of the original 17 abundance ratios, using sampling with replacement. Thus we obtain chemical sequences that may not contain all the elements, and the elements that are included will have a random weight. 1000 resamples of the original data matrix are produced using the combined Monte Carlo and bootstrapping method, each consisting of 22 stars and a chemical sequence of length 17. New chemical distance matrices and trees are calculated for each resample. A consensus tree is then built from the 1000 trees using the software Mesquite v3.10 3 . A majority-rule consensus method is used for which branches only appear that are statistically significant, i.e. that appear in a non-conflictive way in at least 50% of the trees. The majority-rule consensus method is particularly important for assessing the significance of very short branches. If these branches are not statistically significant, they are removed and polytomies (more than two branches extending from one node) are obtained rather than dichotomies (two branches extending from one node). This is important because a fundamental concept in evolutionary biology studies is that natural processes divide a population into 2, enabling further independent evolution in dichotomies. Polytomies, on the other hand, are interpreted as a burst of diversification: many species diverging at the same time, with a single origin. In biology this is rather unlikely, and therefore polytomies are treated with caution and interpreted as unresolved data or incomplete data (Felsenstein 1988) . In Galactic chemical evolution however, polytomies are expected consequences of star formation bursts and therefore constructing the majority-rule consensus tree is a fundamental step of applying phylogenetics in our case.
We comment that Monte Carlo simulations are standard methods to assess the robustness of trees in evolutionary biology. These are combined with bootstrapping by adding and removing genes (chemical elements in our case). There might be other approaches to do this, but they do not seem in biology to be competitive enough to replace the standard MC and bootstapping methods. Some more sophisticated methods have been proposed in the literature, like the double bootstrap (e.g. Ren, Ishida & Akiyama 2013 , for recent discussion). These methods however do not significantly improve results with respect to standard methods but lower down the computational time to obtain final trees, which is relevant when large datasets are being analysed. A discussion of this can be also found in Ropiquet, Li & Hassanin (2009) .
It is true that in astrophysics this could be different, but here we are trying to make the first step, which is to use what are the standard techniques in biology. Since we do not find anything conflictive in our results (below), we believe that applying this is sufficient for this first step. Certainly when numerical simulations and larger datasets are used, more sophisticated techniques will have to be explored.
Ages and dynamical properties
Knowledge of stellar ages will help explore how chemical distances correlate with time in identified stellar populations, and in the cases they do, quantify how the rates differ between them. The ages used in this work (Table A2) are taken from Nissen (2015 Nissen ( , 2016 , which are derived considering the stellar parameters and isochrones. Combining ages with dynamical properties will help interpret the different branches that appear in the consensus tree. We calculate dynamical properties using the astrometric and kinematic information in Table A1 . To convert from heliocentric coordinates to Galactocentric coordinates, we assume that the Sun is located at (R 0 , z 0 ) = (8.3, 0.014) kpc (Schönrich 2012) , that the local standard of rest (LSR) has an azimuthal velocity of 238 km s −1 , and that the velocity of the Sun relative to the LSR is (v R , v φ , v z ) = (−14.0, 12.24, 7.25) km s −1 (Schönrich 2012 ). We calculate the velocities (U,V,W) of the stars in heliocentric Cartesian coordinates, which tell us the velocities of the stars with respect to the Sun. We also calculate the actions J r , J φ and J z of the stars, which quantify the extent of the star's orbit in the radial, azimuthal and vertical directions. In an axisymmetric system, J φ is simply the z component of the angular momentum L z . The actions will help identify which Galactic component the stars belong to as we would expect thin disk stars to be on near circular orbits in the equatorial plane and therefore have a small J r and J z . The actions can be calculated from Cartesian coordinates using the Stäckel Fudge, given some gravitational potential assumed for the Galaxy. We use the composite potential proposed by Dehnen & Binney (1998) , generated by thin and thick stellar disks, a gas disk, and two spheroids representing the bulge and the dark halo. We use the potential parameters of Piffl et al. (2014) and the implementation of the Stäckel Fudge by Vasiliev et al. (in prep.) , which is part of the Action-based GAlaxy Modelling Architecture (AGAMA 4 ). In calculating the velocities and actions of the stars, we propagate the errors in the astrometric and kinematic data using 4 AGAMA can be downloaded from https://github.com/GalacticDynamics-Oxford/AGAMA 1000 Monte Carlo samples to estimate the mean and dispersion. The dynamical properties can be found in Table A2 .
RESULTS

The consensus tree
Figure 1 presents our consensus tree. A tree constructed with the NJ method is 'unrooted', and therefore even if clusters of stars appear to branch off initially from the same point, it does not signifiy this is the beginning of the evolution of system. The radiation format (Fig. 1) for a phylogenetic tree is particularly suitable for visualising such trees as it emphasises that the groups and unclassified stars are separate from each other. The length of the branches are in chemical dex units with the scale indicated in the legend. They represent the chemical distance between each star and the node from which it emerged. The chemical distance between any two stars is determined by adding up the lengths of the branches between them.
The NJ method alone would only produce dichotomies, i.e. nodes split into two branches. However, the application of the majority-rule consensus method results in several polytomies, showing that some of the branches found in each of the 1000 trees in the resampling were not significant. Such polytomies could be expected in chemical evolution when star formation bursts can result in several stars driving different chemical enrichment paths, not just two.
Even with the polytomies, three main stellar populations, i.e. groups of stars sharing a common ancestor, are identified. The first one (red), includes the following stars: the Sun, HD 2071, HD 45184, HD 146233, HD 8406, HD 92719, HD 27063, HD 96116 and HD 134664. A second stellar population (blue) includes the stars: HD 210918, HD 45289 and HD 220507. A third stellar population (orange) appears to be equally independent from the other two populations, and includes the stars HD 78429, HD 208704, HD 20782 and HD 38277. Finally, six stars (black) can not be assigned to any population with enough statistical confidence. These stars are HD 28471, HD 96423, HD 71334, HD 222582, HD 88084 and HD 183658. We comment here that perhaps a different definition of chemical distance than the one employed in Eq. 1 might help to allocate some of these 6 stars into one of the populations with better confidence but this is beyond the purpose of this work. Here we want to show that it is possible to apply phylogenetic analyses and tree thinking in the field of Galactic archaeology. In this work we call these stars simply 'undetermined'.
The branch lengths of the red stellar population are short, of the order of 0.1 dex, except for HD 96116, which has a branch length of almost 0.4 dex. The branch lengths of the orange stellar population are also of the order of 0.1 dex, reflecting that these stars are very chemically similar to each other. The branch lengths between the original polytomy and the first node in the blue stellar population is significantly larger than the first nodes in the red and the orange populations, but the branch lengths between nodes is of the same order of magnitude, with the exception of HD 220507, which has a branch length of 0.3 dex.
For guidance, the ages of the stars are indicated next to their names in Fig. 1 . The star furthest along the red right branch, HD 96116, is the youngest star of the sample (0.7 Gyr). It is more separate from the other stars in the red stellar population due to a larger chemical distance, and this is reflected in the ages of the other stars, which are clustered between 2.4 and 4.5 Gyr. The orange stellar population has stars that are chemically very similar to each other. Their ages are also in a restricted range of 0.9 Gyr between 7.4 and 8.3 Gyr. The star furthest along the blue branch, HD 220507, is also the oldest star of the sample (9.8 Gyr). The other two stars in this branch have ages of 9.1 and 9.4 Gyr. The chemical distance between the youngest and the oldest star is the largest in the tree at 1.6 dex, and is obtained by adding the length of all the branches that separate the stars. The undetermined stars have ages between 5.2 and 8.8 Gyr.
The mean age of all stars in a given population are indicated at the bottom of Fig. 1 , following the colour coding of the branches.
We can see that the stellar populations have different ages, with time increasing from left to right. The ages have told us that there is a very old stellar population (blue branch), a slightly younger but still old population (orange branch); stars of intermediate age (black branches), and a young stellar population (red branch). We remark here that age was not used to build the tree.
Thus, the tree of Fig. 1 adds a rough direction to the evolutionary processes, i.e. the older stars are found towards the left, while the younger stars are found towards the right. However, it is clear that in the region of overlap between the red, black, and blue branches, the stars belonging to separate stellar populations may have been produced from gas that was chemically enriched at different rates and exposed to dynamical processes such as heating and radial migration. Therefore their location in this region is no longer indicative of their age. We will come back to the importance of dynamical processes in Sect. 5.
Dynamics of the identified stellar populations
In order to study the nature of the identified stellar populations more clearly, we look at dynamical properties of the stars. The left panel of Fig. 2 shows the classical Toomre diagram. The y axis indicates the contribution to the star's velocity in directions perpendicular to that of Galactic rotation and the x axis indicates the contribution to the star's velocity along Galactic rotation, compared to that of the Sun. Thin-disk stars should behave like the Sun, while thick disk and halo stars have velocities in random directions. Therefore the stars in the red population that cluster around zero in both directions, and include the Sun, behave like thin-disk stars. The other populations and undetermined stars cover a larger range in this plot, but in general tend to have higher values in both directions and are therefore more likely to be thick-disk stars. They are unlikely to be halo stars because they are comparatively metal-rich. The right panel in Fig. 2 shows the 'actions' equivalent of the Toomre diagram with the sum of the radial and vertical actions shown against the z component of angular momentum, L z . Thindisk orbits are in the equatorial plane and should cluster in L z , as we are restricted to the as solar neighbourhood. The red stars have a low total radial and vertical action and cluster in L z , and are therefore probably thin-disk stars. The blue stars show a range of total radial and vertical actions and a larger spread in angular momentum and therefore could be thick-disk stars. The other stars have a range of L z and low to intermediate total radial and vertical actions.
The stellar populations in terms of ages and dynamical properties together are illustrated in Fig. 3 . The y axis combines the axes of the left panel of Fig. 2 into a dimensionless ratio of the sum of actions in the radial and vertical directions, divided by L z . This dimensionless ratio is a measure of the eccentricity of the orbit (Sanders & Binney 2016) as it normalizes the radial and vertical excursions of the star by the mean radius of the orbit. Thin-disk orbits are circular and therefore should have a small eccentricity while thick-disk orbits should have a range of eccentricities. This is plotted against the age. The red stars are most likely to be thin-disk stars as they have low eccentricities and have a spread in younger ages. The blue stars are most likely to be thick-disk stars as they are all old and have a range of eccentricities. The similarity between the orange stars is reflected clearly in their small range of ages. They have a range in eccentricities that is intermediate between the thin and thick disk.
The undetermined stars randomly span the ages between the thin and thick disks with a range of eccentricities intermediate between the thin-disk and thick-disk stars. Some of these stars could belong to the older, flared part of the thin disk and the oldest may belong to the thick disk. The small number of data points means however that if this were the case, the connection between these stars and those in the thin and thick disk could not be recovered.
It should also be noted that the trend followed by the stars is continuous, restating the age-velocity dispersion relation (Wielen 1977) , i.e. older stars have a higher velocity dispersion and therefore lie on more eccentric orbits. There is no evidence from this plot that the data require separate components, and therefore a more careful inspection of the abundance ratios is required (see Sect. 5).
Evolution of stellar populations
To go further than simply identifying stellar populations, the phylogenetic nature of the tree allows us to investigate the evolution of chemical abundances within each stellar population. For example, any time a branch splits (i.e. there is a dichotomy or polytomy), we can interpret this as an instance at which the evolution of the gas diverged. The stars arising from the split have formed from the same or similar gas clouds. The further away a star in the polytomy is from the node the more evolved a gas cloud from which it originated.
We study the chemical evolution within these different Galactic components by exploiting the phylogenetic nature of the tree. To do so, we redraw the tree of Fig. 1 using a classical format in Fig. 4 , as this allows us to inspect the individual branch lengths in more detail. The Galactic components assigned to each branch are indicated on the left and stellar ages on the right for guidance. Since we focus here only on stars that are assigned to a branch with enough statistical relevance, we consider the blue, red, and orange branches independently, and calculate the total branch length starting from the vertical line. This is done by adding up the values indicated in each branch from the vertical line to each star. In Fig. 5 we show the branch-length and age (BLA) relation, finding that branch length decreases with stellar age for the thick-disk (blue stars) but increases with stellar age for the thin-disk and intermediate stars (red and orange stars). This is simply a consequence of the location of the zero point in the tree. We would expect environmental processes and dynamical processes that have brought stars from a very different part of the Galaxy to branch out as separate stellar populations. Therefore within each branch we would expect a monotonic trend of stars increasing their elemental abundances with time. However, stars brought in from radii near to the solar neighbourhood may be allocated to the same branch, adding scatter to this trend. We can therefore make an estimate of the mean chemical evolution rate and contributions from dynamical processes by carrying out linear fits (dashed lines in Fig. 5 ). Below we discuss the chemical evolution history for the different groups of stars.
Thin disk: The BLA relation for the thin-disk stars is shown in red in Fig. 5 ple bursts of star formation rather than a single burst. As suggested by the tree, the stellar age generally correlates approximately linearly with total branch length. Therefore we can make an estimate of the mean chemical evolution rate, <Σ XFe >, by adding up all the branch lengths between the node from which the Sun emerged and HD 96116 to obtain a total chemical distance of 0.673 dex. This distance emerged within a period of 4 Gyr, and therefore an indication of the mean chemical evolution rate can be obtained by dividing the total chemical distance by the difference in ages to get <Σ XFe >= 0.168 dex Gyr −1 .
We also notice in Fig. 5 , that there is a significant degree of scatter about the straight-line fit of the BLA relation (i.e. assuming the mean chemical evolution rate is constant with time), which mean coeval stars show a different level of chemical evolution. Stars deviating more than 1σ from the fit are enclosed with a circle, and their name indicated. These stars may be good candidates to have arrived to the solar neighbourhood via radial migration because their eccentricities do not stand out from the rest of the thin-disk stars.
Thick disk:
The stellar ages against total branch length for the thick-disk stars are plotted in blue in Fig. 5 . The stars in this case are consistent with being a single age, and therefore could have formed from a single burst, but the diversification in chemical sequences suggests they were not all formed at exactly the same time. Therefore the burst was not instantaneous. As with the thin-disk stars, the BLA relation is linear, although we must emphasise that in this case the data are also consistent with a zero-gradient curve. Making a simple estimate of the chemical evolution rate as with the thin disk, we obtain a total chemical distance of 0.473 dex and a total age span of 0.7 Gyr. This gives a rate of <Σ XFe > 0.657 dex Gyr −1 , i.e. a higher rate compared to the thin disk.
Intermediate: The orange stars of Fig. 5 lack a clear evolution direction, i.e. the BLA relation is not evident. The stellar ages can also be seen to be relatively consistent with each other within the errors. Therefore, like the thick disk, these stars could have formed in a single burst and again the small level of diversification in chemical sequences suggests that the burst was not instantaneous. Despite the lack of a clear direction of chemical evolution, we can still place a lower limit on the chemical evolution rate by considering that a total branch length of 0.269 dex was experienced within 1 Gyr, giving a lower limit on the chemical evolution rate of <Σ XFe > 0.269 dex Gyr −1 , which is in between both populations.
Undetermined:
The black stars do not form a branch themselves in Fig. 4 , and therefore we can not include them in Fig. 5 . Nonetheless, they are interesting given that they emerge from the central polytomy of the tree. As the tree is not rooted, the undetermined stars are not connected to each other and therefore either formed in separate bursts from each other and the other stellar populations or could not be connected to the other stars. They all have similar chemical distances of 0.1 dex compared to the stars in the other stellar populations, and cover a more extended age range of 3 Gyr with respect to the intermediate or the thick-disk populations. As they form a polytomy, this could indicate a more extreme event that occurred around 7 Gyr ago, triggering a separation of the chemical evolution of the disk into several paths. Alternatively, some of these stars could be accreted stars, or just formed from the gas clouds related to those from which the other stellar populations emerged. A larger dataset of solar twins, analysed in the same way as the stars used here, is needed to understand them better.
DISCUSSION
Are the stellar populations identified in the tree really distinct?
Nissen (2016) studied the abundance ratios as a function of age for all the elements studied in this work, showing that stars with ages below 6 Gyr (which in our case would include the thin-disk stars) have a distinct behaviour from older stars. More specifically, his Fig. 3 shows how the α−enhanced stars (our thick-disk stars) have a notably different trend of [X/Fe] as a function of age with respect to the young stars for Na, Sc, Cr, Mn, Cu, Ni and Zn. While an extensive discussion of these trends can be found in that paper, here we use them to argue that although thin and thick disk stars might show a continuous behaviour in their dynamical properties as a function of age, some of the abundance ratios suggest that these two populations might be distinct.
In the upper panel of Fig. 6 we show the abundance ratios of Mg, Si, Al, Sc, and Zn over Fe as a function of [Y/Mg], a proxy for age (Nissen 2016) 5 , with the stars colour-coded by their assigned population. These ratios evolve smoothly with [Y/Mg] in the case of the thick-disk, the undetermined and the thin-disk stars, with no obvious gap in chemical space. The abundance ratios of Fe, Ca, Na, Mn and Ni are shown as a function of [Y/Mg] in the lower panel of Fig. 6 . Several abundances show an offset in their dependence with [Y/Mg] that is difficult to reconcile between the various populations. The offset in Zn of 0.15 dex between the thin and thick disks has already been discussed by e.g. (Barbuy et al. 2015 , and references therein), which is a further argument that our blue population corresponds to a distinct thick disk. The intermediate population clearly stands out in most of these relations, even when considering the measurement uncertainties. We will discuss these stars in more detail in Sect. 5.3.
Whether the thick disk has a distinct formation history is still much debated in the literature. A potentially separate thick disk was first recognised in vertical density profiles presented by Gilmore & Reid (1983) . In the classical scenario of Milky Way formation, the thick disk formed very early on with the bulge from the primordial protogalactic gas cloud that collapsed more than 12 Gyr ago (see e.g. Kawata & Chiappini 2016 , for recent overview). It is currently believed that thin and thick disks are distinct due to different formation processes of the disk in the past, although some authors have presented models where the thick disk arises from radial migration and/or the heating and subsequent flaring of old stars originally formed on near-circular orbits in the thin disk (e.g. Schönrich & Binney 2009; Loebman et al. 2011 ). Aumer, Binney & Schönrich (2016) also perform a series of controlled N-body simulations of growing disk galaxies within live dark matter haloes to steady the effect of combined spiral and giant molecular cloud heating on the disks. In these models the outward-migrating populations are not hot enough vertically to create thick disks. Other chemodynamical models and cosmological simulations (Chiappini, Matteucci & Gratton 1997; Kobayashi & Nakasato 2011; Minchev, Chiappini & Martig 2013; Minchev et al. 2015) consider further infall of gas via e.g. mergers which agree with many observables, such as the height of the disk and the metallicity and abundance gradients as a function of radius. Unfortunately, the mechanisms of mergers for instance are still poorly understood.
Our results support a separation between thin and thick disk populations represented by two independent branches of stars evolving at different rates, suggesting that these populations have different formation histories.
The contribution of dynamical processes
Dynamical processes such as disk heating and radial migration bring in stars to the solar neighbourhood that have different birth radii. Therefore metal-richer stars born in the inner Galaxy and metal-poorer stars born in the outer Galaxy can be brought into the solar neighbourhood. The relation between branch length and stellar age in Fig. 5 for our small sample of stars however suggests that chemical enrichment is the primary driver for changes in chemical distances in the stellar populations, even in the component identified as the thin disk, where dynamical processes are thought to be more prevalent. This may be because disk-heated and radially migrated stars that came from very different parts of the Galaxy end up in a different stellar population (e.g. the intermediate stars) or not allocated to any stellar population (the undetermined stars). However there is also a scatter in the branch length-stellar age relation for thin-disk stars, which could arise from disk-heated and radially migrated stars whose birth origin is not too far from the solar neighbourhood. They could have been formed from similarly chemically enriched gas at the same stellar age. Fig. 6 shows that the contribution to the scatter in the BLA relation ( Fig. 5) for the thin-disk stars arises primarily from scatter in the [Fe/H], and to some extent scatter in other elements of the lower panel of that Figure. This suggests that some elements are more vulnerable to radial gas flows than others, and therefore are good tracers of dynamical processes. On the other hand, the elements of the upper panels of Fig. 6 have a well-defined trend suggesting that they are good tracers for studying chemical enrichment history.
What is the origin of the intermediate population?
The intermediate population is significantly distinct in the chemical plots of Fig. 6 except in the case of Fe, for which three of them are slightly metal-poor and the fourth is metal-richer. They cluster in other elemental abundances and age, but have lower levels of the α elements (Mg, Si, Ca, S, and O) and Al, Na, Cu, Sc, and Zn than stars from the thin or thick disks with the same [Y/Mg]. The stars have a spread in actions and lie on the same trend in age and eccentricity as the other stars in the sample, i.e. they are part of the same dynamical system as the other stars. Stars with intermediate α abundances have already been noted in the past (Edvardsson et al. 1993) and recently discussions of their nature have become more active. They might be related to the high-α metal-rich stars discussed in Adibekyan et al. (2012) as they were shown to be older and more α−enhanced than the typical thin-disk stars. Intermediate−α stars have also been recently discussed in Allende Prieto, Kawata & Cropper (2016) , who found them to display intermediate dynamical behaviour between thin and thick disk, as in this study. Whether such stars are part of the thin or the thick disk is still not known. The intermediate stars could have been born at a different radius in the Milky Way, and brought into the solar neighbourhood by radial migration or disk heating. However we would not expect such stars to cluster so strongly in abundance and age. Their chemistry suggests that they were born from a gas cloud that suffered from a different chemical enrichment history than the rest of the stars in our sample. A accretion of a smaller system in the past is a possibility. The shallower gravitational potential in smaller systems is less efficient at retaining the gas of stellar explosions that occur when massive stars die. Therefore elements such as Na, Ni, Cu, Zn and α-elements, which are mostly produced in massive stars (see Nomoto, Kobayashi & Tominaga 2013 , for a review of the production sites of these elements), tend to be lower in these systems (Tolstoy, Hill & Tosi 2009; Nissen & Schuster 2010; Bensby, Feltzing & Oey 2014) . Furthermore, as extensively discussed in these papers, in the [Na/Fe]-[Ni/Fe] diagram, accreted stars appear systematically at the lower end. In Fig. 7 we show these abundance ratios for our sample of stars. Here, following e.g. Bensby, Feltzing & Oey (2014) , we omit the thin-disk (red) stars as they correspond to the kinematically cold population. We can see that the intermediate population has lower [Na/Fe] and [Ni/Fe] abundance ratios than the thick disk stars, consistent with these stars being accreted.
Dwarf galaxies as potential progenitors for these stars are probably ruled out as those in the Local Group tend to have much lower metallicities than solar. Only Sagittarius achieves solar metallicity (e.g. Tolstoy, Hill & Tosi 2009) . If a merger is responsible, it must have occurred around the time the stars were born, as the age-eccentricity plot shows that they have become part of the Milky Way dynamical system. Furthermore, since the stars have solar metallicities, the progenitor must have been significantly more massive than typical dwarf galaxies.
Studies focused on the density profiles of metal-poor halo stars, such as that one of Deason et al. (2013) , suggest that the Milky Way broken profile can be associated with an early and massive accretion event. Several works have found signatures of past accretion events in the Milky Way by assessing clustering in age and abundance space (e.g. Helmi et al. 2006; Bensby, Feltzing & Oey 2014) . However, Ruchti et al. (2015) searched for evidence of an accreted disk component in a sample of almost 5000 stars in the Gaia-ESO spectroscopic survey with no success. This may be because they initially searched in phase space, in which these stars may already be dispersed, and they only used [Mg/Fe] abundance ratios to search for chemically distinct stars, or because there is simply none of such stars in the solar neighbourhood. Since evidence of an early accreted material of solarmetallicity stars in the solar neighbourhood have not been found (see Ruchti et al. 2015 , and references therein), it seems difficult to ensure that the intermediate population corresponds indeed to such stars given the relatively large number of them we find in our small sample. A more detailed dynamical analysis of these interesting stars would be required to understand their origin.
How does a phylogenetic approach compare to other methods?
The use of chemical patterns of stars as a method for identifying separate populations that have been either born at different radii, different Galactic components, or even extragalactic systems, already forms the basis of chemical tagging studies (Freeman & Bland-Hawthorn 2002; Bland-Hawthorn, Krumholz & Freeman 2010 (Mikolaitis et al. 2014; Hawkins et al. 2015) or Toomre diagram (Bensby, Feltzing & Lundström 2003; Hattori & Gilmore 2015) to identify different populations, in particular the thin and thick disks. Slicing populations according to some criterion, as in the earlier studies can induce biases. They can be of a kinematic or chemical nature. For example, it is not fully established yet that the thick disk defined as the "high−α/Fe" disk is the same as the kinematically hot disk or the old disk selected from [C/N] abundances for example. This leads to the problem that slicing populations like this makes it very difficult to study the interface between the thin-disk and the thick-disk populations, especially at solar metallicities (see discussion in e.g. Adibekyan et al. 2012; Wojno et al. 2016) where the α/Fe ratios of both populations are very similar. (Edvardsson et al. 1993) , probably related to our orange population. This population is either split between the thin and thick disks (Kordopatis et al. 2015) or simply rejected from the analyses (Hawkins et al. 2015; . This becomes especially uncertain at solar metallicities, where the [α/Fe] of the two populations overlap (see discussions in e.g. Nidever et al. 2014) .
Last but not least, survey selection function plays a crucial role in this matter. For example, it is not clear what happens to the high α/Fe disk as we approach the Galactic Centre. It may not be the same as the high velocity dispersion disk of the solar neighbourhood. Cuts to define populations might be useful locally only. Survey selection function also affects the topology of trees, without a well-defined selection function of our dataset we can not give a global picture of how the evolution of the populations found as branches in the local tree takes place.
With the advent of new surveys, millions of high-resolution spectra are now available for a number of elements that can be used in the hope to define a unique chemical sequence. A particular challenge with an increasing number of chemical abundances is how best to combine them for identifying separate populations. Ting et al. (2012) ; Blanco-Cuaresma et al. (2015) apply a Principal Component Analysis (PCA), which transforms a set of variables that are possibly correlated into a smaller set of linearly uncorrelated variables called principal components. Mitschang et al. (2013) combine weighted absolute distances in a large number of chemical elements between two stars into a single metric and use this as the basis for deriving a function that describes the probability that two stars of common evolutionary origin. Hogg et al. (2016) identify overdensities in a 15-dimensional chemical-abundance space provided by APOGEE data using the k-means algorithm, which is a method for clustering points in a high-dimensional space. This algorithm has also been applied as a basis in the chemical tagging work of (Bland-Hawthorn, Krumholz & Freeman 2010) but with less chemical elements and later on confirmed with simulations in Feng & Krumholz (2014) . While PCA assumes that the variables are linearly correlated, the number of stellar populations needs to be defined a priori for the k-means clustering algorithm.
A phylogenetic method offers a multivariate approach that does not assume linearity, does not need the number of stellar populations to be specified beforehand, and does not need to artificially slice populations. The implementation presented here with the NJ method improves on traditional clustering metrics, by normalising the chemical distance by the degree to which the stars vary from all other stars. Phylogeny also offers a very simple visualisation of separate stellar populations that additionally orders the stars within them according to chemical distance. This can then be used to compare chemical enrichment rates between stellar populations and obtain an insight into the importance of dynamical processes in shaping the distribution of chemical elements in samples of stars. Trees allow us to test hypotheses about both history and process and therefore their analysis goes much beyond being an efficient clustering algorithm like other chemical tagging techniques.
Uncertainties in the analysis
Perhaps the largest uncertainty in our analysis is the small sample size. The resulting consequence is that some connections between stars may have been missed, thus not allowing a full recovery of the chemical enrichment history.
In addition, we have only explored a single method for constructing the phylogenetic tree (NJ, see Sect. 3). Although we have assessed the robustness of applying this particular method, there are several other methods in the literature that may result in different groupings and branch lengths, and therefore a different phylogeny. There are other ways of constructing the distance matrix and translating this into a tree. There are also methods that do not rely on constructing a distance matrix. Particular types of evolutionary events can be penalized in the construction of the tree cost, and then an attempt is made to locate the tree with the smallest total cost. The maximum likelihood and Bayesian approaches assign probabilities to particular possible phylogenetic trees. The method is broadly similar to the maximum-parsimony method, but allows both varying rates of evolution as well as different probabilities of particular events. While this method is computationally expensive and therefore not easy to use for large datasets, it remains to be tested in future applications within Galactic archaeology.
As with chemical tagging studies, the method presented here relies on the uniqueness of stellar DNA. We ascertain that as long as enough elements are used in the analysis, this should be the case (Hogg et al. 2016) . We need to be aware however that our sample needs to be chosen such that the chemical distances are reflecting differences in chemical evolution and not systematic differences due to internal processes happening in stars, such as atomic diffusion (e.g. Gruyters et al. 2013) , pollution due to binary companions (McClure, Fletcher & Nemec 1980) or even enrichment due to accretion of gas from the ISM (Shen et al. 2016 ). Therefore it is important to have a sample of stars with the same spectral class (see e.g. extensive discussion in Blanco-Cuaresma et al. 2015; Jofré et al. 2015a; Jofré et al. 2016 ).
SUMMARY AND CONCLUSIONS
We demonstrate the potential for the use of a phylogenetic method in visualising and analysing the chemical evolution of solar neighbourhood stars, using abundances of 17 chemical elements for the 22 solar twins of Nissen (2015 Nissen ( , 2016 as a proxy for DNA. The chemical abundances were used to create a matrix of the chemical distances between pair of stars. This matrix was input into a software developed for molecular biology to create a phylogenetic tree. Despite the small size of the sample, we believe the method successfully recovered stellar populations with distinct chemical enrichment histories and produced a succinct visualisation of the stars in a multi-dimensional chemical space.
A comparison of the order of the stars along tree branches with stellar ages confirmed that the order generally traces the direction of chemical enrichment, thus allowing an estimate of the mean chemical enrichment rate to be made. Chemical enrichment has a mean rate of <Σ XFe >= 0.168 dex Gyr −1 in the thin disk, <Σ XFe >= 0.657 dex Gyr −1 in the thick disk, and <Σ XFe >= 0.269 dex Gyr −1 in the intermediate population of stars. Our analysis thus confirms, in a purely empirical way, that the star formation rate in the thick disk is much faster than in the thin disk.
In addition to confirming a likely separate chemical enrichment history in the thin disk compared to the thick disk, we also find a separate population, intermediate in age and eccentricities but distinct and clustered in several abundance ratios. Due to its old age and low abundances of α− and other iron-peak elements with respect to coeval stars in the thin and thick-disk populations, we surmise that these stars could have arrived via a major merger at the early stages of the Milky Way formation. We however could not rule out the possibility that these stars might be the youngest tail of the thick disk or the oldest tail of the thin disk, as they belonged to similar trends in some abundance ratios and kinematical properties. The fact they emerge as an independent branch in our tree could be either due to a truly different nature or due to selection effects. We conclude that a more detailed dynamical study of such stars and a larger sample of old solar-metallicity stars is necessary. Future work will also benefit greatly from tests on simulated stars in the solar neighbourhood in order to better understand how radially migrated and disk heated stars appear in the phylogenetic tree.
In biology it is commonly said that to study evolution, one essentially analyses trees. Galactic archaeology should be no different, especially now, during its golden ages. Thanks to Gaia and its complementary spectroscopic and asteroseismic surveys, we are quickly getting chemical abundances of millions of stars which can be complemented with accurate astrometry and ages. These rich datasets are on the verge of putting us closer to finding the one tree that connects all stars in the Milky Way. Table A1 . Hipparcos astrometry of the solar twins used in this work. We indicate the name of the star, equatorial sky positions, V-band apparent magnitudes, parallaxes (̟), proper motions (PM), the radial velocities (RV).
A1 Hipparcos and Gaia
While our analysis was being performed, the first data release of Gaia became public (Gaia Collaboration et al. 2016 ). Here we compare the astrometric data of both missions in Fig. A1 . In the left-hand panels we show the ratio of the proper motions and parallaxes of Gaia and Hipparcos in separate panels, and each star is indicated in the x-axis. We can see that the differences between both are usually within 10%, except few cases such as HD 96116, whose proper motion in RA has a difference of 30%. The right-hand panels show the ratio of the errors of these quantities in separate panels.
Here we see how Gaia data is on general 3 times more accurate in the derived parallaxes, and up to 20 times more accurate in proper motions. While this comparison would suggest to use Gaia data instead of Hipparcos, we caution here that we do not have Gaia astrometry for all the stars in our sample. Since we have solar twins only, we could have applied the twin method (Jofré et al. 2015b ) to determine parallaxes of the resting stars not contained in Gaia. However, in our analysis we require proper motions which are best measured by an astrometric mission. Therefore, to keep our analysis homogeneous and complete, we decided to use the Hipparcos astrometry for our analysis of kinematics of stars. As we did not find anything unusual from the kinematic behaviour of our stars, we believe that reducing the dataset to consider Gaia data has not a favourable impact nor changes the conclusions of our work.
Using the data of Table A1 , that is, the astrometry of Hipparcos and the RVs from HARPS, we calculated the actions and the total velocity of the stars as described in Sect. 3.2. These values are listed in Table A2 , together with the ages as derived by Nissen (2016) for completeness.
